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differentiation in target cells at neuron±neuron syn- and indicates that neither activity nor the previous exis-
apses. However, the postsynaptic markers used in this tence of NMDA receptors at a synapse is necessary
study, although good indicators of postsynaptic differ- for insertion of GluR1-containing AMPA receptors into
entiation, may not be the earliest postsynaptic mole- synapses.
cules to cluster at the contact. A chronological analysis In conclusion, Ziv and colleagues have elegantly de-
cannot answer questions about synapse induction in signed experiments that allowed them to follow a syn-
the absence of molecular candidates for this function apse from birth through its earliest stages of develop-
but may be very useful in sorting out their roles once ment. This approach has provided insights into the time
such molecules are found. Two recently described frame of synaptogenesis and the sequence of addition
candidates that may have a role in inducing synapto- of synaptic components at glutamatergic synapses. A
genesis are Narp and neuroligin. Narp (neuronal activity± similar strategy applied to other synapse types will show
regulated pentraxin) is a secreted immediate-early gene whether we can generalize from these results. Future
localized to both presynaptic and postsynaptic sites at studies using this strategy and combining it with post-
excitatory synapses on GABAergic cells. Narp-express- synaptic imaging may lead to further exciting insights
ing HEK293 cells can induce AMPA-type glutamate re- into the life and times of a synapse.
ceptor clustering at extrasynaptic sites in spinal cord
neurons, suggesting that Narp may induce postsynaptic Anuradha Rao and Sabine LeÂ vi
differentiation (O'Brien et al., 1999). Neuroligins are cell Department of Anatomy and Neurobiology
adhesion proteins that have been suggested to be in- Washington University School of Medicine
volved in central synapse formation. Neuroligin-1 is lo- Saint Louis, Missouri 63110
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these 2 hr old synapses mature, and, if not, what are
the further steps necessary for maturation? It would be
interesting to determine the birth date of synapses and
do retrospective electron microscopy to look at mor-
phology or combine it with calcium imaging of postsyn- Regulating Receptor Levels
aptic sites through their maturation. One maturational at a Developing Synapse
event at glutamatergic synapses is suggested to be the
developmental conversion of synapses containing only
NMDA receptors (silent synapses) to ones that contain
As in any good marriage, open communication is criticalboth NMDA and AMPA receptors through an activity-
when pre- and postsynaptic cells commit to building adriven NMDA receptor±dependent process. The use-
synapse. After the initial flirtation of growth cone andfulness of their strategy is apparent from the observation
target cell, the hard work of synaptogenesis begins. Theof Ziv and colleagues that GluR1 can be inserted rapidly
presynaptic cell constructs an active zone and clustersinto new synapses at the same time as or before the
synaptic vesicles filled with neurotransmitter. The post-NMDA receptor, during constant blockade of NMDA and
synaptic cell localizes neurotransmitter receptors adja-AMPA receptors. This finding is consistent with previous
studies in vitro (Rao et al., 1998; Gomperts et al., 1999) cent to these presynaptic release sites. A lively interplay
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between these two cells ensures that the amount of their postsynaptic receptor field at the glutamatergic
NMJ.transmitter released and the number of receptors that
Featherstone and colleagues have characterized aare localized is appropriate for the physiological function
number of gad mutants, demonstrated that they areof that synapse. To understand synapse formation, we
defective in the synthesis of GABA, and shown thatmust identify these signals that pass between the pre-
multiple alleles have a profound defect in receptor clus-and postsynaptic cells.
tering. Mutants exhibit a z4-fold reduction in responseMuch of our knowledge of synaptogenesis comes
to either synaptically released or iontophoretically ap-from the vertebrate neuromuscular junction (NMJ),
plied glutamate. Since there is no change in the single-where agrin acts as a nerve-derived signal to activate
channel amplitude of glutamate receptors in the mutant,the tyrosine kinase MuSK in muscle and initiate the clus-
the reduction in current likely represents a decrease intering of postsynaptic acetylcholine receptors. This sig-
the number of functional receptors. Since other synapticnaling pathway is also required for presynaptic dif-
components localize normally, the receptor phenotypeferentiation, although the mechanism remains obscure
is not secondary to gross defects in synapse formation.(reviewed by Sanes and Lichtman, 1999). While this li-
How does GAD activity influence the development ofgand/receptor interaction is a simple and attractive
the receptor field? Since presynaptic activity is requiredmodel for synaptogenesis, to date agrin and MUSK have
for the clustering of glutamate receptors, one explana-been shown to act only at the vertebrate NMJ, and
tion for the role of GAD would be a disruption of presyn-no analogous molecules have been identified for other
aptic activity due to defects in GABAergic interneurons.types of synapses. In hopes of identifying such factors at
This is unlikely, however, because the mutants displaya glutamatergic synapse, Broadie and colleagues have
normal motor neuron activity. A more direct role for GADconducted a large-scale genetic screen for molecules
is suggested by its localizationÐGAD protein localizesthat are required for a functional Drosophila NMJ (which
to presynaptic terminals of motor neurons at the NMJ.uses glutamate as its transmitter). In this issue of Neu-
Featherstone et al. demonstrate that motor neuron±ron, Featherstone et al. (2000) present the first fruits
expressed GAD is essential for receptor clustering byof this labor, the unexpected finding that presynaptic
the elegant use of mosaic, transgenic rescue. Using aglutamic acid decarboxylase (GAD, the enzyme that syn-
promoter that only expresses in 4 of the 200 neurons inthesizes GABA from glutamate) is required to induce
each segment of the fly nervous system, they show thatthe postsynaptic glutamate receptor field.
expression of GAD in a single, identified motor neuronBefore a synapse forms, Drosophila muscles express
in an otherwise gad mutant embryo rescues receptorlow levels of glutamate receptors that are homoge-
clustering at only that neuron's NMJ. In fact, overexpres-neously distributed across the cell surface. Contact be-
sion of GAD in this motor neuron leads to a 5-fold in-tween nerve and muscle induces clustering of preex-
crease in the clustering of receptors compared to wildisting receptors and initiates the insertion of many new
type. Hence, presynaptic GAD activity appears to be areceptors (Broadie and Bate, 1993a, 1993b; Saitoe et
critical regulator of the postsynaptic receptor field.al., 1997). While the nerve-derived factor that initiates
Since GAD converts glutamate to GABA, it could actthese events is unknown, electrical activity in the nerve
by supplying GABA or by regulating glutamate levels.is necessary (Broadie and Bate, 1993a; Saitoe et al.,
There is no evidence that GABA is a transmitter at the1997). This suggests that neurotransmitter release could
Drosophila NMJ; Featherstone et al. could find no re-be the signal that induces the clustering of its own recep-
sponse to GABA agonists or antagonists. Nonetheless,tor, as is the case at glycinergic synapses (reviewed by
GABA could act as a trophic factor through an uncharac-Craig, 1998). However, mutations that abolish evoked
terized metabatropic receptor to regulate receptor clus-neurotransmitter release have no effect on the develop-
tering. An alternate explanation is that GAD regulatesment of the postsynaptic receptor field. In fact, syntaxin
neuronal glutamate levels and that glutamate inhibits
mutants, which have no evoked or spontaneous trans-
the formation or stabilization of the glutamate receptor
mitter release, cluster glutamate receptors normally
field. In this model, gad mutants would accumulate high
(Broadie et al., 1995). If vesicular release of transmitter levels of glutamate that would lead to the desensitization
is not the signal that induces the receptor field, then and possible internalization of postsynaptic glutamate
what is? receptors. Overexpression of GAD would decrease glu-
To address this question, Featherstone et al. turned tamate levels, resulting in less downregulation of recep-
to a powerful but labor-intensive approachÐa direct and tor. This model is consistent with a number of recent
systematic screen for mutations that disrupt receptor studies in mammalian culture systems demonstrating
clustering. They screened over 6000 mutants for those that glutamate can lead to the rapid internalization of
that died late in embryogenesis, when the synapse is its receptors (Lissin et al., 1999).
first necessary. After discarding mutants with gross How do we reconcile this potential role for glutamate
morphological defects, all remaining lines were sub- with previous studies showing no requirement for vesic-
jected to a detailed electrophysiological analysis at the ular release of transmitter? Featherstone et al. suggest
NMJ. In addition to isolating mutations in well-known that nonvesicular leak of glutamate could regulate extra-
synaptic proteins, this screen also identified a number cellular glutamate levels, as has been seen in mamma-
of alleles that disrupt the function of Drosophila glutamic lian cultured neurons (Jabaudon et al., 1999). If this
acid decarboxylase, DGAD1. This enzyme synthesizes model is correct, then other aspects of glutamate me-
the inhibitory neurotransmitter GABA from glutamate tabolism at the synapse, such as reuptake mechanisms,
and so is necessary for GABAergic transmission. Sur- could also affect the levels of postsynaptic receptor.
Future studies of glutamate's role in the trafficking ofprisingly, these mutants also have a profound deficit in
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its receptor would be greatly aided by anatomical assays Persistent Activation of cAMP-
of receptor localization to complement the physiological Dependent Protein Kinase and theanalysis of Featherstone et al.
Synaptic efficacy at the Drosophila NMJ is regulated Induction of Long-Term Memory
by powerful homeostatic mechanisms (reviewed by
Davis and Goodman, 1998). At the mature NMJ, de-
creases in postsynaptic receptor activity lead to an The last decade has witnessed a remarkable growth in
upregulation of neurotransmitter release and the mainte- our understanding of the molecular basis of memory
nance of synaptic strength (Petersen et al., 1997; DiAn-
formation. Among the many important advances that
tonio et al., 1999). The characterization of gad mutants
have contributed to this understanding was a pair of
suggests that such homeostatic forces may also act at
landmark papers in 1995 demonstrating that functional
the embryonic NMJ to shape synapse formation. How-
enhancement of cAMP-dependent transcription via cAMP
ever, one key ingredient is missingÐthe role of activity.
response element binding protein (CREB) enhanced
If GAD controls glutamate levels, which in turn negatively
both the induction of long-term synaptic facilitation
regulate the postsynaptic receptor field, then how does
(LTF) in Aplysia (Bartsch et al., 1995) and the formationthe strength of the synapse feed back into this regulatory
of long-term memory (LTM) for olfactory conditioning incascade? Such feedback is necessary to match post-
Drosophila (Yin et al., 1995; reviewed by Carew, 1996).synaptic sensitivity to presynaptic output. Possibilities
Now a new paper has come on the scene that directlyinclude activity-dependent regulation of GAD itself or
implicates persistent activation of cAMP-dependentof the molecules that control nonvesicular glutamate
protein kinase (PKA) in the induction of long-term mem-release and glutamate reuptake. Such activity-depen-
ory for olfactory learning in the honeybee (MuÈ ller, 2000dent regulation of transmitter metabolism coupled with
[this issue of Neuron]). This paper provides the firstligand-dependent regulation of receptor expression
direct link between a specific pattern of training requiredwould provide a powerful mechanism for setting the
for the induction of LTM, the temporal dynamics of PKAgain at a developing synapse.
activation induced by that training pattern, and the in-
duction of LTM in intact animals.Aaron DiAntonio
To appreciate the significance of the paper by MuÈ ller,Department of Molecular Biology and Pharmacology
a bit of background would be helpful. It is now wellWashington University School of Medicine
established that increases in cAMP and the activationSt. Louis, Missouri 63110
of PKA play a critical role in the induction of long-term
synaptic, cellular, and behavioral changes implicated inSelected Reading
LTM in Aplysia (Bacskai et al., 1993), Drosophila (Davis
Broadie, K., and Bate, M. (1993a). Neuron 11, 607±619. et al., 1995), honeybee (Fiala et al., 1999), and mice
Broadie, K., and Bate, M. (1993b). Nature 361, 350±353. (Abel et al., 1997). One of the key consequences of PKA
Broadie, K., Prokop, A., Bellen, H.J., O'Kane, C.J., Schulze, K.L., activation is the activation of CREB, which has been
and Sweeney, S.T. (1995). Neuron 15, 663±673. implicated in LTM formation in Aplysia (Bartsch et al.,
Craig, A.M. (1998). Neuron 21, 459±462. 1995, 1998), in Drosophila (Yin et al., 1994, 1995), and
Davis, G.W., and Goodman, C.S. (1998). Curr. Opin. Neurobiol. 8, in rodents (Silva et al., 1998). A final bit of background
149±156. relevant to the MuÈ ller paper concerns the temporal dy-
DiAntonio, A., Petersen, S.A., Heckmann, M., and Goodman, C.S. namics of PKA activation. In Aplysia sensory neurons,
(1999). J. Neurosci. 19, 3023±3032. repeated pulses of serotonin give rise to mechanistically
Featherstone, D.E., Rushton, E.M., Hilderbrand-Chae, M., Phillips, distinct phases of persistent activation of PKA (MuÈ ller
A.M., Jackson, F.R., and Broadie, A.M. (2000). Neuron 27, this issue,
and Carew, 1998) and prolonged phosphorlyation of71±84.
CREB (Bartsch et al., 1998). Thus, there is considerableJabaudon, D., Shimamoto, K., Yasuda-Kamatani, Y., Scanziani, M.,
evidence linking cAMP and CREB to LTF and LTM for-Gahwiler, B.H., and Gerber, U. (1999). Proc. Natl. Acad. Sci. USA
mation in several systems. Moreover, different patterns96, 8733±8738.
of training that produce distinct phases of memory alsoLissin, D.V., Carroll, R.C., Nicoll, R.A., Malenka, R.C., and von Zas-
trow, M. (1999). J. Neurosci. 19, 1263±1272. produce specific temporal patterns of PKA activation.
Petersen, S.A., Fetter, R.D., Noordermeer, J.N., Goodman, C.S., and Now, we turn to the honeybee.
DiAntonio, A. (1997). Neuron 19, 1237±1248. The temporal dynamics and associative nature of ol-
Saitoe, M., Tanaka, S., Takata, K., and Kidokoro, Y. (1997). Dev. factory learning in the proboscis extension reflex (PER)
Biol. 184, 48±60. of the honeybee has been extremely well characterized
Sanes, J.R., and Lichtman, J.W. (1999). Annu. Rev. Neurosci. 22, on behavioral, anatomical, and cellular levels (Hammer
389±442. and Menzel, 1995; Menzel, 1999). Of critical importance
for the paper under consideration is that a single condi-
tioning trial (pairing an odor with a sucrose reward) gives
rise to a memory that decays over days, while three
pairing trials produce memory (LTM) that is much longer
lastingÐvirtually permanent (for an excellent review, see
Menzel, 1999). Finally, several anatomical regions of the
bee brain have been implicated in the induction of LTM
for the PER, including the antennal lobes (AL).
